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other prcscntaticns.  Various  models for the Grincisen  gamma were also  presented. The cxperirncrltal 
procedures dc;.elopej. by Rice,  McQueen,  and  Walsh,  and  summarlzed i n  this  publication, were well 
suited  to RlaSS  production.  Over 500 materials have  been studied* using the  technique. 

The in-contact  explosive  geometry  makes use of only the initial  IiE/basc-plate  interaction,  con- 
scquently only modest  pressures  can  be  generated.  Schremer  and Deal' demonstrated  that high 
explosives (HE) could  accelerate  thin  mela1  plates  to  high  velocities over a few centimcters of have!. 
This  capability w e  used by McQueen  and  Marsh  in  their 19 Metals  paper'  published  in 1960 to 
measure  Hugoniots  to 200 GPa (2 Mbat). With these HE free-run system,  the  Hugoniots ccdd be 
extended by approximately a factor of four in pressure. The Mugoniots over this expanded  pressure 
range  remained  linea.  These data reinforced  the  linear u,-ulp relation as a viable  representation of 
Mngoniot data. It  is worthwhile to point  out  that  in B ten-year  time  span,  shock-wave  techniques 
expanded by about  two  orders of magnitude  the  range over  which EOS information  was  available. 
This was truly  remarkable. 

In the Ihl technique  the  base  plate  is  made of a standard whose IIugoniot  and  cross  curves need 
to be known. For the in-contact  geometry  only  modest  pressures were  attained ( u p  to  50 GPa), so 
the  calculatcd  crass  curves  (reflcctcd  shock  and  release  isentropes) were  only slightly  offset  from  the 
Iiugoniot.  Consequently,  moderate  uncertainties in Gruneisen  pzrarneter could be tolcratcd and still 
calculate accurate pzrtide velocities.  With  the use of the free-run explosive systems, much flighcr 
pressures were genera ted .  Now :he offsets  of the calculated  cross curves start  to becorrlc corlsider- 
ably larger.  To maintain  accurate  calculated  particle  velocities,  a  thorough  characterization of the 
Cruneiscn  parameter was needcd. To address this problem,  a  standards  characterization proFram 
w a s  implemented a t  Los A l a m o ~ . ~ ~ ' ~ ~ "  A standard for the  purpose of program is a material whose 
EOS has  been  determined  that dGes not use the EOS of some other  material.  Cu, Fe, and 2024A1 
'lave been characterized as standards.  Their  Hugoniots  and  average  Griineisen  parameters (7) yi'ere 
experimentally  determined. 
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Fig. 3. TargeL plate for standard's  charac- 
terization. Left side used t o  IncaSurc shock 
yelocity, right  side used t o   r r ~ c ; ~ ~ u r e  irnpactor 
velocity. 
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The average  Gruneiscn  parameter (7) can be measured using porous samples as shown i n  Fig. 4. 
\Vhen crystal  density and porous  samples  are  shocked  to the same VOIUIIICS, there is pressure offset. 
AI' due to the difference i l l  the  internal  energies  represented by the  cross-hatched are;;. The average 
Griinciscn parameter is given by (7) -1 VAP/AElv .  IIugoniot  rncaurements of porous  standards cji 
various  densities  were  made  using  the  flash-gap assembly in Fig. 1. Both the  basc plate  and  samples 
were made  with  the  same  standard  material.  On a given shot  there were six porous  samples of various 
densities  and  two of the  baseplate  material. In Fig. 5 are  the  porous  Hugoniots ior 2024A1 at crystal 
density  and  four  porous  densities. The solid  line  through  the data points were Hugoniots  calculated 
using the familiar p~ = p e r o  assumption  and  the  average  densities for each porosity.  Within  the 
accuracy of the data the py constant  assumption fits the data set quite well. The Cu and  Fe porous 
da ta  could also be fitted using  the  same 7 formulation.  From  these  studies  it was concluded  that  the 
constant p~ approximation  was  adequate, if no  other  datE precluded its use. 

Over the last decade,  sound-speed  measureme:lts at  pressure  have  dramatically  expanded  our 
knowlcdgc of material  txhavior.  Sound-speed  measurements  complement  Hugoniot d a t a  in that thcy 
rneasure  dcrivativcs o r 1  the EOS srlrface.  Consequently, t.tlese measurements  can  detect  small first-ordcr 
phxw tr;,nsforrllatiorls and  second-order phase transformations  that ara  not evident on thc   I I~~gonio t .  
Sour14 s;)f-cds i r l  t11v I i q ~ l i d  state,  coupled with I I ~ ~ g o n i o t  data; allow thc  Criineiscn pararTlet<!r to t j c t  
c : ~ l c ~ ~ l ~ t ~ . d  wit11 g<)o<i  I)rt:cision, a quantity of prime :,heoretical interest. ih:cauSe of the nature of how 
so~~r~t f  vc-Iocitics a re  rnc;Lsurcd, thcy can be determined with the same precisioll as shock vclocitics. '1.0 
datc,  sour~d velocities t~avc  beer^ measured on C, AI, Fc, > I O ,  Ta, j.V, CSI, La, and Pb .  



can  be  measured at several  different  levels  allows  one to  plot At verses fT to  determine at what  target 
thickness  the  release wave overtakes  the  shock wave. At in these  experiments  is  the  ttme  interval 
between  when the  shock  enters  the  bromoform  until  it is overtaken by the release  from the  driver. In 
this  manner  the  hydrodynamic  perturbations  due to the  analyzer  are  eliminated.  Finally,  since At's  
are  measured at several  sample  thickness,  statistics  can  be use to  get  accurate  overtake  distances  in 
the  target. For At = 0,  

1 c/u, = ( R  4- 1)/(R - 1) (1) 

where R = I T / I D  and ' c  = ( p / p , ) c .  In some experiments,  velocities  ratios ' c j u ,  of a few 0.1% have 
been measured. 
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Fig. 4. Schematic  illustrating how porous ma- 
terials are used to  measure  the  Gruneisen  pa- 
rameter. 

Fig. 5. Shock-Particle  velocity  for  porous 
2024A1 with 1.00, 0.91, 0.80, 0.70, and 0.59 
fractional  crystal  densities. 

Fig. 6. Optical  analyzer  targer  assembly. The assembly is impacted on the bottom  surface 
wi th  a thin  driver  to  measure  impactor  velocity. 



and 

BASIC SJ10CK-Lf7AV!2 PHYSICS RELATIONS 

- IIuRoniot 

Consider a shock  wave  with a steady profile propagating  into a material  that is at rest.  Conser- 
vation of mass, momentum,  and  energy gives the  Rankine-Hugoniot  equations. 

(1 - V/VO) = U P / U ,  (2) 

P - Po = p,u,up (.::I 
( 4  E - .E, = u,/2 -+ P,V,U,/U~ . 1 

These  equations  relate  the  pressure, P ,  specific  internal  energy, E ,  specific volume, V ,  behind  the 
shock to  those same quantities in front of the  shock wave in terrnc of shock  velocity, u, ,  and  particle 
velocity, up. The  initial  state  paranleters  represented by Po, V,, and E, are  often  referred  to t!lc 
centering  point of the  Hugoniot.  Measurement of any  two of Lhe variables (P, V ,  E ,  u,, and up) with 
the  above  equations is suficient  to  determine  the  remaining  variables.  Equations (2) and (3) can be 
combined to  give 

u, = V0[(P - Po)/(\; - V ) y  , (5) 

up = [ ( P  - PC>(VC - V)]1'2 . 
Substituting E+. (5) and (6) into (4) gives the  Hugoniot  energy  equation 

E - E, =z (P + P,)(V, - V ) / 2  . (7) 

The Rankine-Hugoniot  relations  are  the  cornerstone of shock-wave  physics. They are based on New- 
ton's  Laws and the  conservation of mass  and energy. This allows the  absolute  mezsurernent of pressure, 
compression, and internal  energy  without  the use of secondary  standards. u, and up can  be  measured 
to 1/2%. This enables  pressure and compression to  be determined to  1%. The  Nugoniots  measured 
in the  early 1950s differ  with  our  current Mugoniot  measurements by about 1%. This was  due  to a re- 
caIibration of our  streak  cameras  with an improved  calibration  procedure.  It is interesting to contrast 
dynamic  meaaurements  with  static  high-pressure  research  where  high-pressures  scales  changed by as 
much as  a factor of 2 from  the 1950s to  the 1970s. 

From the  energy  equation, Eq. ( 4 ) ,  i t  is apparent  that  there is a n  equal  partition of energy  between 
internal energy ( E  - E,) and  kinetx  energy, i f  the I~,V,uP/u8 term is ignored. This i s  a n  cxccllent 
;il,I)rosirrlatiorl for all our  studies.  It is straightforward to s ~ o H . ~ ~ , ~ ~  that d P / d V I , ,  and d 2 J Z / d V 2 / ~ ~  
o r 1  tflc I I J I ~ ; O : I ~ O L  a r e  equal L O  dP/dVI.Y nnd d 2 P / 6 V 2 1 . y  on the isentrope at the  Ilugoniot  cerltcring 
1)oint. ' , I r ~ o t . l ~ ~ r  ir~tercstirlg  characteristic of the 1Iugoniot is that  the erltropy irlcrcases rnonotorrically 
tv i t t l  .-.!lock s t r e n g t h .  

Gj&x-iscrl I'ararnctcr . .. 

The  Iiugoniot  specifies  a  path  on the EOS surface. In order to  model other  dynamical  processes 
such as reflected  shocks  and  release  isentropes, we need to be able to  calculate  off-Hllgoniot  states. 
The  thermodynamic  variable  that  allows this calculation  to be made is the Griineiscrl 
ticfirrcd as 9 

To rrlodcl the thtrrnal  energ)! of a solid, it is assurncd the energy is that or a collcction of sirnple 
f~a r rno r~ ic  oscillations that  are the norma! rnodeu of the  crystalline  lattice. I t  will further IC assurncd 

r /v = (aP /aE)"  = ( a P / a T ) " / C v  . (8) 



and  the  heat  capacities of the  oscillators  have  the  usual form 

C;/k = z2e"/(eZ - 1 ) 2  . W i  
z; = hv;/kT f?;/T, where vi is the  frequency of the  oscillator  and 8; is its  characteristic  tcmPrature. 
With  this  definition of 7, it  is  evident  from Eq. (9) that  in general 7 is a function of both V and I'. T w o  
special cases are  worth  notiug. If all the 7;'s ere  e ual,  then 7 = 7; = 7(V). In the  high-tcrnpcrature 
limit kT >> hv;, C; = k, then 7 = C7;/3n = 7(V). This is the  case for most of the  metals  studied. 
This greatly  simplifies the  caiculation of off-Hugorriot states, In this case Eq. (8) can  be  integrated to 
give the  familiar  Mie-Criirleisen EOS3r5 
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For matxrials in their  high-temperature  limit, Eq. (12) h a  been quite  adequate in  modeling  thcir 
EOS. The Mie-Gr:cineisen EOS was used for calculating average 7's for porous  metals of Cu,  Fe, and 
2024AI. The familiar 

P 7  = P o 7 0  (13) 
relation was adequate to fit this  data. Unless  there is specific information  to  exclude  this 7 choice, ' 

this  functional  form of 7 is usually  chosen. 

The availability of high-pressure soc:nd-speed da ta  has allowed direct 7 determinations  along  the 
Hugoniot. A relation17 that  relates  souud  speeds  to 7 is 

where P C 2  = -VdPs/dV E Bs and Elf = - V d P H / d V .  This equation is valid for -y(V,T) and  7(V). 
7 is proportional to the  ratio of the differences  in  slopes between t k  Hlzgoniot and  the  isentrope  and 
between the  Hugoniot  slope  and  chord  slope. Only at high  pressures is there  sufficient  differences 
in slopes to make  meaningful 7 determinations.  For  exam le, a 1% sound-speed  measurement. in 
OFHC Cu at 25 GPa determines 7 to 52%, 125 GPa, -, &, For polymers, which are much more 
compressible at low pressures, a 1% sound-speed merssusement in PTFE" at 40 GPa results in a 
3% 7 determination. The majority sf sound speed measurements  have been made on metals. As a 
consequence, the  linear p7 relationship has usually  been  quit?  adequate,  in  agreement with the  porous 
metal  measurements.  However,  for PTFE (Teflon) the  assumption 7 = r(V) wm not valid and a 
dramatically  different 7 dependence  was  observed.  The  important  point to remember is that  the 7 
formulation i n  EA. 13 applies to a broad  class of materials; however, there  are  exceptions  where  this 
for:nlllation doe:; not apply .  

! , ~ r ~ ( ~ ~ ~ - . ~ ~ ~ - l ~ ; , , - ~ ~ ~ ~ l ~ ~ t ~ ( ) ~ ~  

I'rcviously, it was mentioned  that marly materials  can be adequately  represented by a linear 
Iiugoniot. 

c, is the  zero-pressure  intercept  and Y is  the  slope. c, is the zero-pressure  shock  velocity and  should 
be  equal  to  the  zero-pressure bulk sound  velocity CS, because of common  slopes  on the  Hugoniot  and 
isentrope. For polycrystaliine  samples 

ua = c, 4- 8 up (15) 

c:, = c; - 4!3C,Z , (16) 

whcrc C1, an? c, arc  the  longitudinal  and  shear  elastic wave  veloc.:ties. In most  instances  the  agrccrrlcnt 
o f  tile shocl.,-wavc intercept, c o ,  and Cn is within  experimental  accuracy.'~* Thc appropriateness and 
aclcyuctcy o f  Eel. (15) 11;i-s been examined by Ruoff14 and  Jeanloz  and G r o ~ e r . ' ~  IiuofP4 and  M c Q u c c r ~ ' ~  
have slloun that t h e  Iiugoni,ot  slope is related to the  pressure  derivative of  he isentropic bulk modulus 
b y  t11c rclation 

i f . u # / d i ~ ) p ~ , ~ o  = 4 s  -- 1 . (17 )  

This quantity is dificult to measure  s\taticalIy  with  good  accuracy. Howcver, there is a general  intercst 
i;l d u , / d P ,  because  several EOS models" use this  variable.. I t  is important  to  point  out t h t .  t hore  

3 



are  several  instances  when  the  linear u,-up relation  breaks down. Solids  with p o r o ~ i t y , ~ " ~ * "  large 
elastic waves, phase transformations, or van der Waals  bonding'6 all exhibit, departures from this 
linear  behavior. 

Using Eq. (15) the  Hugoniot of materials  centered  at zero pre-sure can  be  described  with  three 
parameters, Po, c,, and 8 .  The shock wave locus  can be found for any  pair of variables  using  the 
RankincHugoniot Eqs. (2)-(4). By defining the  sample Compression 2s 

3 

'I = 1 - V/Vo (18) 

the  conservation of mass Eq. (2) becomes 

?I =up/u, . (1y) 

From Eqs. (3), (15), and (19) thc P H  - q relations  can be derived 

p H  &'OC:~? / ( ] .  - s'?)2 (20) 

dPH/dV = pocf(1 t sq)/(l- SV)' - (21) 
It is evident  from Eqs. (20)  and  (21) that  the  asymptotic compression on the  Hugoniot  is 

q A  = . (22) 

For 2024Ai and C u ,  their  respective Hugoniot siopes  are 1.338 and 1.489. This  implies 2024A1 and  Cu 
have  rnaxirnum  compressions,  respectively, of 75% and 67%. 

SIIOCK WAVE; EQUATION OF STATE OF TITANIUM 

VISAR  wave  profile  measurements  were  made on A-70 Ti (commercially  pure, 99%) to study 
the a - W  transformation and the "apparent" phase transition at 17.5 GPa. The previous  Hugoniot 
measurements  using  flash-gap  experimentation  were made with  commercial pure Ti with  approximately 
the  same  wmposition as the A-70 Ti. No evidence of a phase transition  was  observed up to  35 GPa. 
The observed  wave  profiles  consisted of a large  elastic wave (1.8 GPa) followed  by a bulk  wave with 
a few nanoseconds  risetime.  The  VISAR  data  smoothly  extrapolated  into  the  higher  pressure flash- 
gap  data  above  the k ink  in the u,-up curve.  The VISAR data conclusively  showed the kink  in the 
curve was a n  artifact of the  flash-gap  experimentation.  The  probable  reason  for  kink  in  the  flash-gap 
iiugoniot  data  was  that  the  large  elastic wave  prematurely closed the flash gaps. This  interpretation 
is consistcnt wi th  the  shape of thc low-pressure  portion of u,-up curve.  One would expect  greatest 
tfcparturc from a linear  extrapolation at low pressures  and  gradually  dirninistling  to  zero a t  a velocity 
s l igh t ly  greater than the  measured  longitudinal velocity a t  zero pressure.  Two-stage  light  gas gurl da ta  
were used to  exterd  the  pressure  range from 110 GPa to 260 GPa.  The high-pressure  gun da ta  fell on 
a linear  extrapolation  to high pressure of the  VISAR/flash-gap  IIugoniot  data. 

VISAI? measurements were also  made  on  Ti  (electrolytic  grade, 99.95%) from 6 to 22 GPa.  Below 
10 GPa a classic  eiastic-plastic two-wave structure w s  observed. At 15 GPa a three-wave structure 
(elastic  plus  two  bulk waves) was observed,  characteristic of a high-pressure  first-order  phase  transition 
(Fig. 7). The  best  estimate of the  transition  pressure is 10.4 GPa.  Several  shots  were fired at  this 
pressure. All shots  reproduced  this  three-wave  structure.  Shots were  also fired a t  different  sample 
thicknesses to  evaluate  the  kinetics of the  trarlsition.  At 22 GPa onIy a two-wave  elastic-piastic 
structure was observed,  indicating  the  bulk  transition wave had  already  overtaken  the  initial  bulk 
shock. In other  words,  the  Ti wave  profiles are  consistent  with a material  undergoing  a  first-order 
p11a.e transition  at 10.4 GPa wi th  a small  volume  change. 

S]lo&-rccovery  experiments were done to complement  the VISAR studies  using  thc y o f t  rccovcry 
tcchniq11cs of Gray.''  Recovered  h7O-Ti samples  shocked  to 13 GPa showed no w phase  using 7'1Sh4, 
x-ray, or  neutron-scattering  measurements.  Ilowcver, Ti, when  shocked  to 11 GPa,  showed tilc w 
pf1sc using ail ttlree  tectlniques. From the  neutron-scattering  measurements the estimated vo lume  
fraction of retained w phase is 28%. In summary,  the shock  recovery experiments of G.  T. Gray I I I  
are in agreement  with  the  VISAR wave  profile data.  



Nickel (Ni) was chosen as the  material to be  studied,  because  it is elastically  very  anistropic. 
For example at ambient  conditions  the  longitudinal  velocities of the [loo] crystal,  the  polycrystal, 
and  the [ I l l ]  crystal  are,  respectively, 5.28 km/s, 5.76 km/s, and 6.28 km/s. On a relative  basis,  the 
velocities are 1, 1-09, and 1.19. At  high  pressure, if singlecrystal  structure is preserved,  one  woald 
expect  measurably  different  release  velocities  for [lo01 single-crystal  and  polycrystal  samples. Also, 
from the  shape  and  amplitude of the release  waves, the  shear  strength  at  pressure  can  be  calculated. 

Symmetric  impact  experirilents  were  made on 1001 single  crystals and polycrystalline Ni samples, 
which had EiF windows. A VISAR was used tc ,$e wave profile measurements  with I-ns r w l u t i o n  
and 1% particle  velocity  measurements.  The  measurements were made at 45 GPa,  principally  to 
overdrive the  longitudinal  elastic  wave in the  polycrystalline  sample, so that  a simple  centered  release 
wave  would he generated at the  impactor  free  surface.  This allowed the fine structure of the release 
waves to  be  examined  and  accurate  calculations of the release wave velocities and  the  shear  strength 
of the  material at pressure. T h e  measured  wave  profiles for polycrystalline Ni at 45 GPa  and [loo] 
single-crystal Ni  a t  44 GPi:  arc given in Figs. 8 and 9, respectively. 

<. 

Fig. 8. Quasi-elastic  release i n  polycrystalline 
Ni from  symmetric  impact at 45 GPa. 

Fig. 9. Qusi-elastic release i;l [IO01 single- 
crystal Ni from  symmetric  impact  at 44 GPa. 
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1- ~ ! i e  measured releaye lvave ve!ocities a t  pressure for I1001 single  crystal  and  polycrystal a r c  
6.80 k m / s  and 7.42 km/s. The  polycrystal veiocity is 9% larger  than  the [loo] single-crystal volocity, 
v:hich is the same velocity  ratio  measured at, ambient  conditions. It is  evident t11at cacti sarnplc 
propagates  different  longitudinal wrave velocities. This is a strong  indicatiox  that  the  crystal  structure, 
either  single  crystal or polycrystal, is preserved in spite of the  large  defect  concentration  generated 
by the shock and  manifested i n  the  smeared-out  quasi-elastic release. These  experiments  suggest  it is 
appropriate to envision a shock a s  a highly-coordinated movement of atoms on a subnailos~corld  time 
sca!e that is not  chaotic. For the [loo] single-crystal  sample: a single-crystal  lattice with defects is 
present  after  the  shocking, not  microstructure  characteristic of z ~oIycrystalline sarnple. i 

130th wave profiles show a quasi-elastic  release.  There is no indication of an ideal  elastic-plastic 
P- 

flo\v, even in the ~ I O O ]  single  crystai. n e  change i n  the  shear s:ress upon  unloading is given by'' 

(23)  

where 7, and 7, are  the  shear stress in the shocked state and on the lower yield surface, ' c  is the 
Lagrangian  release wave  velocity, and ' c g  is the  Lagrangian bulk wave velocity. The shezr stress is 
defined by the  relation 

r = (a, - at ) /2  (24)  

where un and ut  zre the  normal 2.nd t an  entia1  stresses. It is not  imnwdiately  obvious,  but this 
equation is valid  for both polycrystal  and fIOO] single-crystal  experiments. The calculated  value for 
T~ 4- :, for jl00j sir!g:e crystal is 0.76 GPa,  for  the  polycrystal 0.92 GPa. 'I'he l>olycrystal  has a 21% 
larger  value for T, +- r,. If T,, the shcar  stress  in  the  shockcd  state, lies on the  upper yic!d surface, thcn  
T, = : c ,  and  the shear strcngth, T,, of the material in the shocked state is sirrlply 1/2 thc  values  listed 
above. I t  is evident  from  these  calculations  that  the  polycrystal has a larger  shear  strength,  but for 
the most part  their  strengths  arc  quite  comparable. 

To illustrate tile essential  features of the  q,casi-elastic  release, a simple  linear elastic theory2' was 
used to relate  the  aclual release wave d o c i t y  to the elasiic constants of the  material and the amount 
of plastic strain -y occurring during the quasi-elastic  release.  It  can  be  shown  from  linear elastic theory 
that 

c z  = Ci - -Cj.(Z d7,/dq) 
4 
3 (25) 



3 = I - v / v o  

Fig. 10. Lagrangian  release  velocity  for [loo] 
single-crystal experimerrt  shown In Fig. 9. 
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Fig. 11. Ratio of plastic to  total  strain  incre- 
ment fcr release wave profile shown ir l  Fig.  10. 

HUGONIOTS OF POLYSTYRENE FOAMS 

Polystyzene (PS) foams  can  be  used as low-impedance  standards  to  measure  expanded  release 
states in  high  explosives  and  other  materials of interest.  Previous PS foam  Hugoniot,s6 used the LM 
technique to  determine  particle velocities. There  is  some  ccncern  about  these  measurerrxnts  because of 
the  uncertainties  in  the  flash-gap  transit  time  corrections  and  also  the  ability't.3  accurately  calculate 
IM match  solutions of highly  expanded  states. The previous  foam data also  had a relative!.y large 
density  variation for a given nominal  density. 

I'S samples were fabricated by cold  pressing  commercial PS foam  and  subsequently  slowly  heating 
to approximately 90' C. The  samples  were  held at this  texperature for about  ten  hours  and  then 
aliowed to COOI to  room temperature.  The  samples were  homogenous Azt discs tha t   ccdd   be  machined 
bo toIerances  suitable  for  accurate shock-wave measurements.  Densities of these  discs  ranged  from 0.04 
to  0.5 g/cmS.  From a 165-mm-dim disc, several shock-wave samples  could  be  fabricated  with  the 
same  density. 

The  experimental assembly used to make these Mugoniot measurements is .shown in Fig. 12. Five 
foam samples of various  densities  and a 6061A.i sample,  made  from  the  same  materia1 as the  impactor, 
were put on a shot  assembly.  Opaque tape was  put  on  the back of the  foam  samples to block out   the 
radiation  from the hot,-s!locked samples  and  also  to  serve as a shim. With  this  geometry  therc  are 
no flash-gap  corrections,  because all gap  closure  times  are  identical. The samples  are  attached  to  the 
flash black with tape  that has adhesive  backing  on  both  sides.  This  double-backed  tape is put only or1 
tile edges of the s;:rnples so t!lat Ar gas  can flow in  the flash gaps.  Since  grooves  are  machined  into thz 
s;lrn~)lcs, the transit times mewured  are  related  to  the difference i n  transit  times  bctwecn  the  shock 
ve!ocilg i r l  the SaITlple and  the  impactor  velocity  in  the  groove. From the  606lAl  sarnpfe the  irripactor 
velocity can be determined,  because  its EOS is known. This assembly addresses all of the concerrls 
previously  mentioned,  mainll- the uncertainties i;. gapclosure  times  and  the use of the IM technique 
to determine  particle  velociiles in  highly-expanded  states. In this  experiment  the  particle  velocities 
are  determined  in  the P-up ?lane by the  intersection of the P = (pouq)up curve  representing  possible 
shock states in the  sample with the  GGSlAX Hugoniot  centered at  the  impactor velocity. 

The Hugoniots for 0.18-g/cm3-density IPS foam is shown in Fig. 13 o r  Fig. 14. It. is evident  that 
this linear u,-u,, curve passes through  the  origin.  Consequently, its liugoniot is given by 

u, = 9 up . (27 1 

v/v* = 1 - 1/" 



- , " ..,- .- .. . . .  , . . , , I . .  , ,  ", " . , , , , , " .  , , I, . . 

volume  Fig. 14), the  Hugoniot  energy Q. (7) and  the Mie-Gruneisen EOS, q. (13), can  be used to  
determine 7 i or these high-temperature  shock-compressed  states. 

7 = 2(" - I )  (29) 

The  Hugoniots for PS hams with  initial  densities of 0.10, 0.18, and (3.36 g/cm3 were measured.  Their 
respective siopes were 1.11, 1.20, and 1.35. Using Q. (28) their  respective  asymptote  volumes  are 
1-00. 0.92, and 0.71 cm3/g. Similarly, the 7's given by Eq. (29) at these asymptotic  volumes  are 
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I Fig. 12. PS foam EOS assembly 
F l a s h  6lock for direct  mezsurenlent of shock 

F!ash Gap and  impactor  velocity. 

Tape Shim J 

Foam EOS 

Fig. 13. u,-up Hugoniot for 0.18-g/cm3 PS 
foa 111. 

Fig. 14. P-V Hugoniot for 0.18-g/cm3 PS 
foam. 

The increasing  asymptotic  volumes-,  with  increacing  porosity  samples, is due  to  the larger incrcax 
in internal  energy  with  the  more  porous  samples. The  thermal  vibration energy is retarding sarnplc 
compression. For the most porous  samples (0.10 g/cmJ) the  a5yrnptotic  volume 1.00 cmg/g is greater 
than  the  ambient  vofume 0.956 crn3/g (pe = 1.046 g/cm3)  of fully-dense polystyrene.' There is a large 
temperature  increase  with pressure for these porous  samples. TRe fact  that  the  compression  is  an 

3 



constznt  volume)  process  indicates 7 is temperature  independent, e . ~ . ,  Eq. (29). This \vas 
1 the  porous  samples  studied. The 7 dependence of the PS forrns IS diffcre:lt than  what 

\vas observed  for the  porous  Cu, Fe, and 2024A1 studies. T!le asymptotic  gammas are incrcaiing  with 
decreasing  volume. The  Hugoniot for the 0.10--g/crn2 density  foam, which h a s  the highest internal 
energies (temperatures),  has  the lowest 7 (0.32). This -y value is below that  of a mono-atomic  ideal 
gas, which is 2/3. This suggests  other  energy ch.znnels exist that  prevent  all  the  internal  energy  from 
going into  thermal vibration energy,  such as molecular  dissociation. 
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